The atomic environments of Fe and Co involved in the magnetostriction effect in FeCoB alloys have been identified by differential extended x-ray fine structure (DiffEXAFS) spectroscopy. The study, done in amorphous and polycrystalline FeCoB films, demonstrates that the alloys are heterogeneous and that boron plays a crucial role in the origin of their magnetostrictive properties. The analysis of DiffEXAFS in the polycrystalline and amorphous alloys indicates that boron activates magnetostriction when entering as an impurity into octahedral interstitial sites of the Fe bcc lattice, causing its tetragonal distortion. Magnetostriction would be explained then by the relative change in volume when the tetragonal axis of the site is reoriented under an externally applied magnetic field. The experiment demonstrates the extreme sensitivity of DiffEXAFS to characterize magnetostrictive environments that are undetectable in their related EXAFS spectra.
I. INTRODUCTION
One of the main difficulties to unveil the exact mechanism of the magnetic anisotropy and magnetostriction in amorphous alloys is the intrinsic uncertainty in the description of the atomic environments of their ferromagnetic atoms. Unlike in a crystal, where the atomic environments are reduced to those in the unit cell, the number of possible arrangements between atoms in an amorphous alloy is huge and undefined. 1, 2 It is technically impossible to distinguish between all the different atomic environments in an amorphous material, having only information of the average atomic distribution. In fact, it is usually assumed that the amorphous materials are homogeneous. But the presence of magnetostriction and magnetic anisotropy in amorphous alloys is, in principle, noncompatible with a disordered and homogeneous structure. 3 The origin of these properties is usually associated with local perturbations in the atomic environments breaking such assumed homogeneity. The question to address is to know if such a local perturbation occurs with higher or lower intensity in all the atomic environments of the amorphous alloy, or it happens only at specific atomic sites and, if that is the case, how to identify them. The microscopic theories that try to understand the magnetostriction in amorphous matter are mostly phenomenological and they are based on the so-called standard model of magnetostriction of Callen and Callen. 4 This model differentiates between single-ion and double-ion interactions. In the single-ion interaction, magnetostriction and/or magnetic anisotropy should arise from crystal field effects at the specific atomic environment, whereas the doubleion interaction considers anisotropic interatomic interactions.
Single-ion interaction explains quite well the magnetostriction in transition metal/rare earths. In this case, the coupling of the magnetic moment of the rare earth with the crystal field is intuitively understood given its strong spin-orbit interaction, which causes the mentioned properties. The magnetostrictive properties of amorphous transition metal/metalloid (TM-M) alloys like FeCoB and FeB are also believed to be caused by this single-ion interaction, attending to indirect experimental proofs based on the analysis of the temperature dependence of their magnetostriction coefficient. 5 However, the orbital moment in transition metals is strongly quenched in a solid. Therefore the metalloid should interact with the ferromagnetic transition metal in similar way as the rare earth, i.e., increasing the spin-orbit interaction at the specific site.
FeCoB alloys reach their highest magnetostrictive strain in Fe-rich compositions and at 20% atomic boron concentrations. This boron concetration corresponds to the eutectic concentration for FeB and CoB alloys. 5 In FeB, this is the concentration that favors the highest magnetostricive strain, of the order of 30 ppm, similar to values found in FeCoB. On the other hand, the magnetostrictive strain in CoB is negative with magnetostriction coefficients not higher than |−10| ppm. 6, 7 FeCo has a relatively large and anisotropic magnetostrictive strain in its crystalline state (λ 111 = 60 ppm and λ 100 = 210 ppm), 8 but its magnetostriction will probably vanish if long-range order is broken as in a disordered or amorphous solid. 9 Therefore out of the three different potentially magnetostrictive environments in amorphous FeCoB, i.e., FeCo, FeB, and CoB, FeB is presumably the environment that would give rise to the magnetostrictive properties of glassy FeCoB.
Boron belongs to the same column (IIIa) of the periodic table as Ga and Al. The alloys of Fe with either of these two other metalloids at their eutectic concentration strongly enhance the magnetostrictive strain in Fe. 10 The origin of the magnetostriction in these alloys is still discussed. Some theoretical and experimental works support the extrinsic origin of their magnetostrictive properties, based on the reorientation of tetragonal defects resulting from the process of transformation of the structure of the alloy from bcc to fcc such as with increasing metalloid concentration structures. [11] [12] [13] This model assumes that the alloy is heterogeneous, as experimentally recognized by electron microscopy 14 and neutron scattering. 15 On the other side, there are the rigid band models that consider that the magnetostriction of these alloys is intrinsic and derives from the specific electronic structure of the crystal. The magnetostriction in these models is driven by critical changes in the spin orbit interaction due to a strain induced modification of magnetocrystalline anisotropy. 16 This theory predicts a higher enhancement of the magnetostriction at the sites near the metalloid, as observed experimentally by differential extended x-ray fine structure (DiffEXAFS) in FeGa. 17 Additional experiments to test this prediction, aimed at observing changes in magnetostriction based on electron occupancy were, however, not successful. 18 Heterogeneities have also been observed in FeB at concentrations just below the eutectic point. 19 Although they were not fully identified, they were associated with the highly metastable orthorhombic Fe 3 B phase, of similar structure as cementite, which has reported Invar properties. 20, 21 Magnetostriction in FeB has been attributed to this phase although with no conclusive proofs. Like in FeGa, the phase diagram of FeB at boron concentrations near the eutectic point is highly metastable showing a transformation from the bcc Fe lattice to an fcc-like structure as boron concentration is increased. 22, 23 Once in the glassy state, those heterogeneities are not observed by high-resolution electron microscopy. However, its recrystallization produces the formation of bcc Fe precipitates with boron occupying both substitutional and interstitial sites. Only the crystallites with interstitial boron were coarsening resistant never reaching sizes larger than 40 nm. 24 When boron enters as an interstitial in bcc Fe, it expands the volume of the cell and distorts it tetragonally. It is known that other interstitial impurities of similar atomic radius than boron, like carbon and nitrogen, when entering the bcc Fe lattice cause an enhancement of the magnetic moment and anisotropy of the surrounding Fe atoms. [24] [25] [26] [27] [28] Actually, the enhancement of the magnetic anisotropy observed in FeB alloys has in some cases been explained assuming such a tetragonal distortion of the bcc Fe lattice by interstitial boron. 29 All this discussion conveys that a fundamental step for the understanding of the magnetostriction in these alloys is the identification of the atomic environments that generate it. DiffEXAFS is a recently developed technique, extraordinarily powerful for the study of magnetostriction in solids, which is able to measure atom displacements down to the femtometer scale 8 in single crystals, 30 polycrystals, 17 and amorphous matter. 31 Its characteristics make it ideal for the study of magnetostriction at the atomic level in disordered, heterogeneous, and/or amorphous alloys like FeCoB: it is a local probe, chemically and elemental sensitive, and highly selective, giving structural information from only those atomic environments that change their strain under a magnetic field.
In the present work, FeCoB alloys with different concentrations are prepared to yield both polycrystalline and amorhous samples. The atomic environments of all samples are investigated by EXAFS and DiffEXAFS. EXAFS analysis of the polycrystalline samples reveals a local structure that can be described as a mixture of bcc and fcc phases. When passing from the crystalline to the amorphous state with increasing boron, only an fcc-like local structure is retained, confirming previous observations 22 on similar alloys. This is a common behavior in Invar and magnetostrictive alloys, 32 FeCo included and might indicate that such a transformation originates an intermediate metastable phase with magnetostrictive properties.
The environments probed by DiffEXAFS strongly differ from those detected by EXAFS, demonstrating that the magnetostriction is localized only at certain atomic environments. Therefore these alloys are found to be heterogenous, with the presence of at least two coexisting phases of different local structure, one magnetostrictive and one not magnetostrictive.
The environments identified by DiffEXAFS in the polycrystalline alloy correspond to a tetragonally distorted bcc Fe lattice whose distortion is likely caused by interstitial boron, thereby discarding the orthorhombic Fe 3 B phase as the possible cause of magnetostriction in these alloys. Interestingly, the magnetostrictive environment found in the polycrystalline alloy is preserved in the amorphous state to first neighbors. DiffEXAFS also confirms that the possible contribution to magnetostrive strain by FeCo environments is negligible.
The paper is organized as follows. The next section (Sec. II) describes the experimental aspects, including sample preparation and EXAFS and DiffEXAFS measurements. Section III presents the results of an independent analysis of the EXAFS (IIIa) and DiffEXAFS (IIIb) of all samples. The former provides average local structural parameter values, whereas the latter provides the structural parameters relative to the magnetostrictive environments only. In Sec. IV, we use this information to extract, from the EXAFS spectra, the relative proportion of the magnetostrictive and nonmagnetostrictive phase in each sample. This procedure allows one to (i) obtain quantitative values for the microscopic (atomic level) magnetostriction coefficients and (ii) extract the structural parameters of the nonmagnetostrictive environments. This method works well for the amorphous samples, characterized by higher proportion of magnetostrictive environments. For the polycrystalline samples, we were not able to obtain a reliable estimate for the proportion of magnetostrictive to nonmagnetostrictive environments, so we use an alternative method (described in Sec. IV) that allows one to extract the macroscopic (averaged over the whole sample) magnetostriction coefficients only. Finally, in Sec. V, we discuss the results obtained and suggest a model to explain the magnetostrictive properties of these alloys.
II. EXPERIMENT
The alloys were deposited in the form of thin films on glass substrates by magnetron sputtering using a single target. The targets were prepared by mixing high-purity iron, cobalt, and boron powders with the desired composition. This powder 20 . The diffracted intensity of the 6-μm thick films was normalized to the intensity of the broad peak centered at 2θ ≈ 21
• related to the diffracted intensity from the substrate. A constant was added to the scans for a better view.
was compacted under high pressure in an Ar atmosphere. The base pressure of the deposition vacuum chamber was below 10 −7 mbar. Ar pressure during sputtering was 5×10 −3 mbar. The deposition rate was of 46 nm/min. The thickness of the films was 6 μm. At such a thickness, the films were easily peeled off the substrate. These self-sustained films were fixed to the sample holders using vacuum grease. This avoided the use of an excessive pressure to set the samples in place, which might have interfered in the measurement of their magnetostriction. The alloy concentrations were chosen in order to compare polycrystalline with amorphous states with the highest magnetostriction coefficient (Fe 80 Co 20 20 . Figure 1 shows the diffraction pattern of the analyzed alloys, which consisted in two broad peaks. The first peak centered at 2θ ≈ 20
• is scattering from the (amorphous) polimeric substrate. The intensity of the patterns was normalized to the intensity of this peak. The second peak centered at about 2θ = 45
• decreases in intensity with Co content. A low-intensity sharp peak can be distinguished only in the alloy with the lowest boron content. The alloy of similar Fe and Co concentration but higher boron content seems to have its highest intensity ≈1
• downshifted. The point of highest intensity is more difficult to define in the other two alloys. The patterns of all the alloys are typical of amorphous alloys with possible traces of polycristalline regions. 33, 34 The presence of polycrystalline environments is evident in the alloy with the lowest boron content, and it is possible in the alloy with the same concentration of Fe but 20% of boron. The EXAFS analysis, presented in Sec. III A of this work, will go deeper in the detailed atomic environments in all of the alloys.
The macroscopic magnetostriction coefficients (λ M ) of alloys of similar concentration than those analyzed were obtained by measuring the difference in the bending of a cantilever beam (covered with a thin film of the alloy to be measured) when the field was applied parallel and perpendicular to its longitudinal direction. 35, 36 The measured values were in close agreement with those reported in the literature. The DiffEXAFS experiment was carried out using the energy dispersive XAS spectrometer of the European Synchrotron Radiation Facility (ESRF), on ID24. 38 The highest scattering wave number reached in the DiffEXAFS and EXAFS spectra was 9.5Å −1 . High-purity polycrystalline cobalt and iron foils were measured as a reference for the calculation of the passive electron reduction factor S 2 0 . It was 0.75 for the Fe K edge and 0.9 for the Co K edge. The set up for DiffEXAFS was similar to that reported in previous experiments. 8, 17 The spectra were measured in transmission. A DiffEXAFS spectrum is obtained from the difference between two spectra, one acquired with a magnetic field applied parallel to the polarization vector and a second obtained with the magnetic field rotated 90
• and transversal to the beam. The amplitude of DiffEXAFS is highly reduced with respect to the corresponding EXAFS amplitude of an order of magnitude proportional to the magnetostriction coefficient, which was especially small in the samples measured in this experiment (≈30 ppm). This number is not far from the detection limit of the technique estimated in 5 ppm and, therefore, the signal to noise ratio was extremely small. This was improved by averaging the spectra over few thousands of EXAFS pairs. The acquisition time for each EXAFS pair was of about 2 s.
The background of the EXAFS and DiffEXAFS spectra was removed using the routine AUTOBACK in the application IFEFFIT. 39 All the spectra were fitted in the k range available, from 2.9 to 9.5Å −1 for the EXAFS spectra, and from 2.5 to 9.5Å −1 for the DiffEXAFS spectra, without performing any previous Fourier transform filtering. All the spectra presented in R space in this work was Fourier transformed from the portion of the spectra used for their fit, using the corresponding routine in IFEFFIT.
III. RESULTS
In this section, we present separately the EXAFS and DiffEXAFS analysis for all samples. The EXAFS analysis (see Sec. III A) is based on testing possible models for the local structure using a least squares fitting procedure, with free parameters the interatomic distance (R) and the mean-square relative displacement (σ 2 ) for each coordination shell. Constraints in coordination numbers are imposed between different coordination shells of a particular crystallographic structure. A similar approach is used to analyze the DiffEXAFS (see Sec. III B), except that here no coordination number constraint is imposed between different coordination shells, because the amplitude of each path is determined by the magnetostrictive strain on the associated bonds, which is unknown. Table I . The dashed spectrum overlapped in (c) was obtained at the Co K edge. spectra was displayed. The amplitude of the spectra decreased with boron concentration due to the increasing amorphization of the film caused by the metalloid. 40 The changes in the spectra were better noticed in their Fourier transformed form (R space)(see Fig. 5 ). The χ (R) spectrum of the polycrystalline alloy was similar to that of a bcc Fe lattice but with several significant differences. The main peak at low R (2Å), which represents scattering from first neighbors, was more intense than the rest of the spectra when compared to the spectrum of bcc Fe, indicating a higher disorder for second neighbors shells in the polycrystalline alloy. Also, the shoulder at about 2.7Å was better resolved than the same feature in bcc Fe. Finally, the region between 3 and 4Å of the alloy spectrum did not match that of bcc Fe. The intensity at this region peaks near 3Å, whereas in bcc Fe it peaks at 3.7Å. The intensity of the spectrum of the amorphous alloy was significantly reduced compared to that of the polycrystal. The intensity due to scattering from second neighbors was also much smaller although more intense than what would be expected in an ideal amorphous material, where it usually vanishes. 41, 42 The spectra of the alloys at the Co edge were very similar in shape to those obtained at the Fe K edge. Figure 6 compares the EXAFS spectra of the polycrystalline alloy obtained at the Co and Fe K edges. The difference in intensity is caused by the higher electron passive factor S 2 0 at Co. The Fe K edge spectrum is shifted to higher bond lengths, as also occurs for the amorphous alloys.
A. EXAFS spectra
The analysis of the EXAFS spectra was done using the known EXAFS expression for kχ(k):
N i is the number of atoms of i type around the absorbing atom, f i (k) is the backscattering amplitude function of atoms of type i around the absorbing species, R i is the distance between the absorbing atom and the atom of type i, e
is the Debye-Waller factor, e −2R i /λ(k) is a mean-free path term that takes into account the inelastic losses, and φ i (k) is the total phase shift in the electron scattering. The functions
, and the total phase shift φ i (k) were calculated using the FEFF8.10 code. 44 The parameters to fit for each shell i were the number of atoms N i , the distance R i , and the thermal and intrinsic disorder in the shell represented in the Debye-Waller factor by σ i . The parameter S 2 0 was used to correct for losses due to multielectron excitations that are not accounted for in the elastic scattering model used to fit the spectra. 43 This parameter was obtained from the EXAFS spectra of polycrystalline Co and Fe foils.
The range of spectrum fitted covered the contribution from distant neighbors (shells) with large enough intensity to be considered. This range extended up to about 6Å in the spectrum of the polycrystalline alloy and to about 4Å in the spectra of the amorphous alloys (see Fig. 5 ). This corresponds to backscattering from neighbors five shells distant from the excited atom in the polycrystal and from only three shells in the amorphous alloys. Backscattering from boron atoms was excluded from the fits after testing different models. Adding this component never improved the fits or, in the best of the cases, its contribution was poor. Boron has many fewer electrons than Co or Fe and, therefore, its electron backscattering cross section is much smaller, making this one of the possible reasons that boron was apparently undetected in these spectra. The analysis of the amorphous alloys was carried out assuming atomic Gaussian distributions instead of asymmetric distributions. Asymmetric radial distribution functions have often been assumed for amorphous alloys of similar composition but produced by different methods other than sputtering deposition. 41, 42, 45 We tested asymetric distributions in our fits but the resulted asymmetry was negligible. The best fits to the EXAFS spectra were obtained for the polycrystalline alloys, using a structural model consisting of a mixture of two crystal phases, bcc and fcc, whereas for the amorphous alloys, a single phase with a short-range order similar to that of an fcc lattice was used. This model agrees with the expected bcc to fcc transition when boron (and cobalt) concentration is increased in the alloy. 22 The coexistence of bcc and fcc phases in this kind of alloys is not uncommon and it has been reported before. 22, 23, 46 The presence of highly disordered transition metal (TM)-metalloid (M) and TM-TM environments in the alloys should be added to this description. Despite the fact that a Gaussian atomic distribution produced the best fit for all the spectra, the atomic coordinations obtained from the fits were smaller than those expected (see Fig. 7 ). The highest difference was found in the amorphous alloys. A similar behavior has also been observed in other TM-M alloys, FeSi and CoSi, deposited by sputtering. 34 In those alloys, the TM-M environments were undetected by EXAFS for low M concentrations, and their presence evidenced only because the coordination of the TM-TM environments decreased. For large metalloid concentrations, only the TM-M environments were visible to EXAFS with unphysically small coordination, whereas the TM-TM environments apparently disappeared. The loss in coordination is explained assuming the presence of highly disordered atomic environments with an atomic distribution too wide to be detected by EXAFS. The relative concentration of these highly disordered atomic environments will scale with the difference between the coordination obtained from the fits and the expected one. For the amorphous alloys, this concentration was the highest and estimated to 60% in the most disordered case as can be calculated by comparing the expected values of coordination for a fcc lattice to those obtained (see Fig. 7 ).
The analysis of the spectrum of the polycristalline alloy included the same electron scattering paths than those used for the fit of the EXAFS spectrum of the Fe reference foil. These were all single scattering paths up to the 5th coordination shell and multiple scattering paths along the (111) and (100) directions. Important differences with respect to the fit of the Fe reference spectrum were observed, and interpreted as the presence of a second phase in the alloy based on the fcc phase of Fe. First, the first neighbors bond distance was appreciably larger [2.53(3)Å] than that in pure bcc Fe foil (2.49Å). Second, the scattering path in the fourth shell [direction the lattice parameter of an fcc lattice with a distance between first neighbors of 2.54Å suggesting the presence of an fcc phase which is also found in the alloys with higher boron concentration.
To determine the proportion of bcc to fcc phases, we assumed that bcc environments were visible by EXAFS up to the fifth shell and fcc environments only up to the second shell. This was coherent with the comparison of the spectrum of polycrystalline FeCoB with the Fe standard (see Fig. 2 ). It also agrees with the result obtained in the samples with higher boron content. The coordination of the first shell, N I , was expressed as a function of the relative concentration of bcc to fcc environments:
where N bcc I = 8 and N fcc I = 12. Then, the coordination of the other shells was a function of its respective structural concentration [α for bcc and (1 − α) for fcc environments] and the parameter γ . This parameter should be the passive electron reduction factor deduced from the spectra of the Fe and Co standards if only Fe and Co were present in the alloy. However, this parameter should be smaller in the FeCoB alloy because Fe and Co can also be coordinated to boron. The spectra were fitted using fixed values of γ . The best fit (smallest χ 2 ) determined its value. This procedure yields a concentration of bcc to fcc environments of about 50% with γ equal to 0.6 (±0.05) in Fe and 0.7 in Co. The value of γ is 10% smaller that the passive electron reduction factor obtained from the standards if boron is taken into account (the atomic concentration of boron was 10%). This loss in coordination might be caused by vacancies or by the presence of a largely disordered phase induced by boron, the same that seemed to cause the more important loss in coordination in the samples with 20% boron (see Fig. 7 ).
The fit of the spectrum of the amorphous alloys included single scattering paths up to the third shell assuming an fcc lattice, which was the one that better adjusted the data. However, the relationship between the radius of the different shells suggested a distortion in the fcc lattice. The radius of the first shell was 2.42Å, significantly longer than that expected from the radius of the second (3.3Å) and third (4.01Å) shells that yield a first shell radius of 2.33Å if atoms were arranged in an fcc lattice. This apparent distortion can be explained assuming more than a single environment in the alloy. It will be shown later on that the magnetostrictive phase detected by DiffEXAFS has a longer bond length (see Sec. IV A). Including this phase in the EXAFS spectra removes the apparent distortion of the fcc lattice that needs to be invoked if only one phase is included in the model. The resulting lattice parameter of the fcc cell after adding this phase is 3.44Å. All the parameters used for the fits of the polycrystalline and amorphous alloys at the Fe K edge are summarized in Table I .
The EXAFS spectrum at the Co K edge was very similar in shape to that obtained at the Fe K edge, so the spectra were fitted in the same way. The parameters obtained from the best fits are shown in Table II . This table shows that all interatomic distances measured at the Co K edge are noticeably smaller. . Since the shape of the spectra was the same, Co, which was minority in most of the analyzed alloys, should occupy similar positions in the lattice as Fe, acting as a substitutional impurity. The bond length reduction is the expected behavior, and is also observed in crystalline FeCo (whose lattice parameter is smaller than in bcc Fe for low Co concentrations). 3 keV) . The structure below this energy being very similar to that at higher Fe content, it was assumed that the relative data differed only by their amplitudes.
The DiffEXAFS spectrum is obtained by the difference between two EXAFS spectra, measured applying a magnetic 20 (amorphous) at the Fe K edge. The fits assumed that the polycrystal was the sum of a bcc phase (all shells except the third one in the table) and a fcc phase (only to second neighbors, first and third shells in the table), and the amorphous alloy was in a single phase with a fcc short-range order up to the third shell. A E is the amplitude of the scattering path related to the specific shell without the correction of the passive electron reduction factor S 2 0 , which was 0.75 in Fe, σ 2 is the width of the gaussian distribution, and R is the interatomic distance between the central atom and an atom in the specific shell. The number in brackets indicates the error in the last written decimal.
Shell
Polycrystal Figure 9 displays the DiffEXAFS spectrum at the Fe K edge of the polycrystalline film after subtracting a background using the AUTOBAK function in IFEFFIT. 39 The representation of the spectrum in R space [χ (R)] shows almost the same features as its related EXAFS spectrum, both compared in Fig. 10 . The most important difference between them is that the peaks related to scattering from external coordination shells are almost as intense as the first coordination shell. According to Eq. (3), this results from δR i values that are larger for higher-order shells. The position of the peaks seems very similar in both spectra. To fit the data relative to the polycrystalline sample we used six shells, the same as in the EXAFS. The scattering paths are similar than those used to fit bcc Fe with two important differences: first, the second shell is split in two with very close distances (2.96 and 3.19Å) and second, the lattice parameter is significantly larger (2.96Å). Then, the magnetostrictive environment of Fe detected by DiffEXAFS seems to be a tetragonally distorted bcc lattice with a distortion ratio (c/a) of 1.08, and with a larger unit cell volume than bcc Fe. In addition, it differs from the average atomic environments determined by EXAFS.
The differences between the atomic environments detected by DiffEXAFS and EXAFS are better visualized in the case of the amorphous alloys. Figure 11 compares the DiffEXAFS and the EXAFS χ (R) spectra at the Fe K edge for (Fe 80 Co 20 ) 80 B 20 . The DiffEXAFS spectrum clearly shows that the magnetostrictive environments of the amorphous alloy have longer interatomic distances than those detected by EXAFS. The best fit is obtained using the first three shells used in the fit of the polycrystalline film (see Fig. 12 ). The amplitude of the second-neighbor shells (second and third paths in Table III) was largely reduced with respect to the polycrystal due to the larger disorder, but the interatomic distances were similar, indicating that the magnetostrictive environment found in the polycrystal was preserved to first neighbors in the amorphous state. The parameters used in the fits are shown in Table III .
Co magnetostriction environments were detected only in the alloy with highest Co concentration. Its DiffEXAFS spectrum is displayed in Fig. 13 and 14 . The spectral shape was totally different to that observed at Fe and, more interestingly, the related magnetostriction coefficient was negative, i.e., the magnetostrictive lattice shrunk in the direction of the magnetic field instead of stretching as in Fe. This agrees with the strain observed in CoB amorphous alloys, which is negative. 5 The spectrum was well fitted using two coordination shells, at 2.49 20 (amorphous) at the Co K edge. The fits assumed that the polycrystal was the sum of a bcc phase (all shells except the third one in the table) and a fcc phase (only to second neighbors, first and third shells in the table), and the amorphous alloy was in a single phase with a fcc short-range order up to the third shell. A E is the amplitude of the scattering path related to the specific shell without the correction of the passive electron reduction factor S 2 0 , which was 0.9 in Co, σ 2 is the width of the Gaussian distribution, and R is the interatomic distance between the central atom and an atom in the specific shell. The number in brackets indicates the error in the last written decimal.
Polycrystal and 2.76Å, respectively. As at the Fe K edge, the magnetostrictive environment of Co was completely different to the average environment detected by its related EXAFS (see Fig. 14) .
The contribution from boron scattering also seemed to be negligible in the fits of the DiffEXAFS spectra. This could be caused by a TM-B strain too small to be detected, or due to similar reasons as those commented for the EXAFS spectra. 
IV. EXTRACTION OF ATOMIC MAGNETOSTRICTION COEFFICIENTS
In Secs. III A and III B, we have reported the analysis of the EXAFS and DiffEXAFS signals based on Eqs. (1) and (3), respectively. We have used standard EXAFS data analysis procedures and used for each a small number of scattering paths. We show that the EXAFS spectra for both the polycrystalline and amorphous samples can be described using relatively simple atomic models based on known crystal lattices (bcc and fcc) in a pure or mixed form. Here, the coordination numbers of the different shells have been constrained to the known shell progression. However, the models used to fit the DiffEXAFS spectra do not have this restriction because here [see Eq. (3)], the amplitude of the scattering path is proportional to the corresponding magnetostrictive atomic displacement for that path, i.e., it depends on the magnetostrictive coefficients of the alloy, which are unknown parameters.
Here, we describe a general method to extract the atomic magnetostriction coefficients from the combined EXAFS and DiffEXAFS data. In Secs. IV A and IV B, we apply this method, under different approximations, to the case of amorphous and polycrystalline FeCoB, respectively.
The EXAFS signal measured on our samples can be expressed as follows:
-40x10 where
is the EXAFS amplitude of each path i [from Eq. (1)]. We can rewrite Eq. (4) as
where kχ MS (k) and kχ NMS (k) are the EXAFS contributions from the magnetostrictive (MS) and the nonmagnetostrictive (NMS) environments, respectively. The EXAFS analysis described in Sec. III A provides an average value of R i and σ 
The DiffEXAFS analysis described in Sec. III B provides the structural parameters R i and σ 
DiffEXAFS as [from Eq. (6)]
where δR i is the strain averaged over all the orientations of the bond with respect to the magnetic field and the beam polarization vector, and A iE MS and A iD are the amplitudes of EXAFS and DiffEXAFS that describe the electron scattering for that specific magnetostrictive environment using Eqs. (1) and (3), respectively. δR i is related to the corresponding atomic magnetostriction coefficient λ iAt by a proportionality factor K i , i.e., λ iD = K i λ iAt . This factor depends on the orientation of the magnetic field and the x-ray beam polarization vector with respect to the crystal axes. It is calculated in Appendix for an isotropic polycrystal with a cubic crystal lattice and for an isotropic amorphous material. There it is shown that K i ranges from 3/2 for a perfectly oriented single crystal along the (111) or (100) orientations, to 0.675 in an isotropic polycrystal, or to 0.6 in an isotropic amorphous material. In order to extract the λ iD value for each magnetostrictive bond R i and from these the microscopic (or atomic) magnetostriction coefficients λ iAt , we need to evaluate A iE MS that appears in Eq. (6) . To do this, we repeat the EXAFS analysis with all values of the structural parameters R j and σ 2 j of the magnetostrictive paths in Eq. (5) fixed to those obtained from the DiffEXAFS analysis [see Eq. (3)]. Free fitting parameters are the coordination numbers for the magnetostrictive paths and coordination numbers and structural parameters R i and σ 2 i of the nonmagnetostrictive paths. The reliability of this method depends strongly on the quality of the DiffEXAFS data. In general, the procedure works well for samples where the portion of magnetostrictive environments is relatively important.
In the case of the samples analyzed in this work, this analysis presented important error bars in the atom coordination due to the relatively large number of parameters to fit and the relatively small difference between the magnetostrictive and nonmagnetostrictive environments. Error bars were specially large in the case of the polycrystalline alloy [(Fe 80 Co 20 ) 90 B 10 ]. For this reason, the procedure was applicable only for the case of the amorphous samples (see Sec. IV A below). In all cases where a precise evaluation of A iE MS from the data is not possible, EXAFS and DiffEXAFS data can be combined to obtain magnetostrictive coefficients comparable to those obtained through macroscopic measurements.
Notably for crystalline and polycrystalline samples, where a specific crystal direction can be associated to a specific EXAFS coordination shell, we can define a macroscopic magnetostriction coefficient λ iM measured by DiffEXAFS as
Note that here, contrary to Eq. (7), the total EXAFS amplitude of path i, A iE , is used from Eq. (1). The corresponding magnetostriction coefficients λ i = λ iM /K i are comparable to macroscopic magnetostriction coefficients along the i crystalline direction. Equation (8) is readily applicable, because the amplitudes A iD and A iE associated to a specific EXAFS coordination shell can be estimated directly from the DiffEXAFS and EXAFS R-space representation [χ (R)], which separates shells of different lengths. This is, of course, an approximation that can be applied only if the first coordinations shells [peaks in χ (R)] are well differentiated. We have applied Eq. (8) to evaluate the macroscopic (average) magnetostriction coefficient in the case of the polycrystalline alloy (see Sec. IV B below). environment was fitted, letting the others, corresponding to the second and third shells, to be proportional to it. The proportion of magnetostrictive phase
obtained from this fit was 30±10%.
The fit assumed that the magnetostrictive phase was composed of small crystal units with a tetragonally distorted bcc lattice, as suggested by the values in Table III . The resulting magnetostriction cofficients for the Fe pairs were λ 111 = 181 ppm and λ 100 = 160 ppm.
Assuming that the strain was uniform in the sample (homogeneous and isotropic mechanical response of the nonmagnetostrictive regions and isotropic orientation of the magnetostrictive crystallites), the measured macroscopic magnetostriction coefficient λ M for this alloy can be calculated from λ 111 and λ 100 by averaging the magnetostriction over all the possible orientations of each crystallite:
where N M is the fraction of atoms in the alloy that were magnetostrictive. This number was 30%(±10%) of the concentration of Fe atoms, yielding a macroscopic magnetostriction coefficient for this alloy of λ Ma = 34 ppm, which is close to the value expected in these samples. [5] [6] [7] After the fitting, the nonmagnetostrictive phase was in a disordered fcc phase with a lattice parameter of 3.44Å, correcting the previous mismatch between first and second neighbor interatomic distances observed when the magnetostrictive phase was not included in the fits. See Table IV with the parameters of the fit.
The fits for the polycrystalline sample including the magnetostrictive phase had error bars so large that results were unreliable. Whereas in the data relative to the amorphous alloy adding the magnetostrictive component helped to improve the fit, this was not the case for the data of the polycrystalline alloy, likely due to a lower concentration of the magnetostrictive component in this sample.
B. Macroscopic magnetostriction in polycrystalline FeCoB
By applying Eq. (8) and using K i = 0.65 (in the assumption of an isotropic polycrystalline alloy)[see Eqs. (A9) and (A10) in Appendix], we obtain λ 111M = 25 ppm and λ 100M = 46 ppm. Averaging over all possible crystallite orientations using Eq. (9) (letting N M = 1 since they are macroscopic magnetostriction coefficients) yields λ M = 33 ppm, which is about 40% higher than that measured in this sample (20 ppm, see Fig. 2 ). Such a difference seems reasonable bearing in mind the approximations made to get the macroscopic coefficients starting from the DiffEXAFS data, where it was assumed that the mechanical response of the alloy to the strain of the magnetostrictive regions was uniform. 49 Such an assumption might not be applicable in these alloys whose heterogeneity has been demonstrated in this work. Note that if we apply the same procedure for the amorphous alloy (Fe 80 Co 20 ) 80 B 20 , the macroscopic magnetostriction coefficient obtained is λ M = 35 ppm, which is almost the same as that deduced from the fits.
The related atomic magnetostriction coefficients in the polycrystalline alloy can be deduced if the concentration of its magnetostrictive phase in the alloy is known. We can speculate that the concentration of magnetostrictive environments is lower than in the amorphous sample, since the boron content is half that in the amorphous alloys. A lower concentration of magnetostrictive phase in the polycrystalline alloy is also expected since the highest magnetostriction is usually found on the fcc side of the phase diagram. 32 In fact, the magnetostriction coefficient of the polycrystalline alloy was lower (20 ppm) than the measured in the amorphous alloy (30 ppm) (see Fig. 2 ). If λ 111 of the polycrystal was similar to the deduced from the fits in the amorphous alloy (about 180 ppm), the concentration of the magnetostrictive phase in Fig. 15 and 16) . A MS and A NMS are the amplitudes of the scattering paths related to the specific shell of the respectively magnetostrictive and nonmagnetostrictive components, σ 2 is the width of the gaussian distribution, and R is the interatomic distance between the central atom and an atom in the specific shell. The number in brackets indicates the error in the last written decimal. the polycrystal would be 15%, and λ 100 = 300 ppm. These values seem reasonable when compared with those found in FeCo (λ 111 = 70 ppm and λ 100 = 270 ppm) or with other ironmetalloid alloys like FeGa and FeAl (λ 100 = 400 ppm). 12, 13, 16 V. DISCUSSION One of the most important findings of this experiment is that magnetostriction in FeCoB alloys originates only at specific atomic environments. The analysis of the polycrystalline alloy shows that these correspond to a tetragonally distorted bcc Fe lattice. In the amorphous state, the magnetostrictive atomic environment can be described with similar parameters, although second shells were significantly affected by disorder. The tetragonal lattice distortion in the polycrystalline alloy was likely caused by interstitial boron because the observed volume of the unit cell was larger than in bcc Fe. The present analysis cannot give the detailed position of the boron inside the cell but it probably occupies an octahedral site. This is also the preferred position for carbon and nitrogen interstitial impurities, which have a similar atomic radii than boron. [24] [25] [26] [27] Actually, in the amorphous alloys, the Fe bond lengths found in the magnetostrictive environment are those expected if these Fe atoms were nearest neighbors of a boron impurity at an octahedral site. This is shown in Fig. 17 . The observed distortion in the tetragonal structure has been theoretically predicted for carbon impurities instead of boron. In these calculations, the impurity modifies substantially the magnetic character of Fe, changing the sign of the exchange interaction (from negative to positive) and increasing its magnitude, making exchange the main driving force causing the impurity site distortion. 28 This is what seems to happen in the present case, i.e., the magnetostriction is localized at the impurity interstitial site. Actually this is what has been observed also in FeGa by DiffEXAFS, where the main contribution to the magnetostriction of the material came from the strain in the FeGa bonds. The origin of the magnetostriction in this alloy is still under discussion. The models used to explain it can be taken as a reference to understand the magnetostriction in FeB since, as previously commented in the introduction, FeGa and FeB have several characteristics in common. In a first model, the magnetostriction is extrinsic: it is caused by the reorientation of specific tetragonal metastable defects to equivalent crystal directions by the effect of the magnetic field through direct spin-spin exchange interaction. 12, 13 In the second model, the magnetostriction is intrinsic, i.e., it manifests itself because the strain dependence of the magnetocrystalline anisotropy strongly affects electron occupancy: the spin-orbit coupling changes critically with orbital occupancy, which at the same time is affected by the applied strain. 16 This model admits that magnetostriction should be stronger at the impurity site because it is where the 3d orbitals of Fe are more significantly modified with strain. In the extrinsic model, the magnetostriction coefficient λ 111 along the diagonal direction should be identically zero since the (111) direction forms the same angle with respect to any of the tetragonal axis to where the crystallite (or magnetostrictive unit) can be reoriented. However, this coefficient is effectively large in both the polycrystalline and the amorphous alloys. Therefore the origin of the magnetostriction in FeB must be intrinsic but restricted to the specific interstitial impurity defects that tetragonally deform the site.
Shell
Another important point derived from this study is the role of Co in the magnetostrictive properties. For low Co concentrations, EXAFS showed that Co occupied substitutional positions in the Fe lattice. Magnetostriction derived from Fe-Co pairs was discarded in the polycrystalline alloy because the lattice parameter observed in its magnetostrictive environments was larger than that observed in polycrystalline FeCo. 8 Therefore, if Co had any participation in the magnetostriction of the polycrystalline alloy, it is as a substitutional impurity of Fe. In the amorphous state, with increasing Co concentration, the shape of the DiffEXAFS spectra at Fe is similar, indicating that Co does not have a significant effect in the magnetostrictive Fe environment. When Co is present at concentrations where it could cluster having Fe as a substitutional impurity, its magnetostrictive environment is completely different than that observed in the Fe rich alloys. The sign of the magnetostriction coefficient of magnetostrictive Co environments is negative indeed, explaining why magnetostrictive properties are reduced with increasing Co content.
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VI. CONCLUSIONS
DiffEXAFS served to identify the atomic environments responsible for the magnetostrictive properties of polycrystalline and amorphous FeCoB alloys. It proved that these alloys are heterogeneous: the magnetostrictive environments detected by DiffEXAFS are clearly different from the atomic environments detected by EXAFS. Magnetostriction is caused by the interaction between the transition metal, Fe or Co, with the metalloid boron, but only at specific sites. The analysis of the DiffEXAFS spectra in the polycrystalline and amorphous alloys indicates that the magnetostrictive environments of Fe are at tetragonally distorted octahedral interstitial sites occupied by boron impurities. Then, the positive magnetostriction observed in these alloys can be explained by the anisotropic change in volume caused by the rotation of the tetragonal axis of the octahedral site under an externally applied magnetic field. Magnetostriction from Fe-Co environments can be discarded even in the polycrystalline alloy. The detected magnetostrictive environment of Co differs from that found in Fe. Indeed, its related magnetostrictive coefficient is negative, i.e., opposite to that of Fe, in agreement with the expected magnetostrictive behavior of the alloy with increasing Co concentration. The difficulties found in deconvolving the contribution of the magnetostrictive environments from their related EXAFS spectra demonstrates the extreme sensitivity of DiffEXAFS in detecting magnetostrictive environments. In the case of the polycrystalline alloy, this also suggests that the concentration of these environments is minor. Our analysis indicates that the corresponding magnetostrictive coefficients could be of similar magnitude than those found in other magntostrictive TM-M alloys like FeGa or FeAl.
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APPENDIX: MAGNETOSTRICTION MEASURED BY DIFFEXAFS IN ISOTROPIC POLYCRYSTALS AND AMORPHOUS MATTER
This appendix shows how to deduce the proportionality factor K i that relates the magnetostrictive coefficient λ iAt associated to a specific atomic environment i, with the magnetostrictive coefficient λ iD measured by DiffEXAFS in a disordered material:
The calculation will be done for an isotropic polycrystal with a cubic lattice and for an isotropic amorphous material.
To determine K i , it is necessary to understand how the magnetostrictive solid deforms under the presence of magnetic fields and how DiffEXAFS measures the strains related to such a deformation. The main characteristic of DiffEXAFS is that it measures the strain between atoms whereas a macroscopic measurement of the strain in a solid measures its averaged deformation. One important consequence of this is that DiffEXAFS can give the magnetostriction coefficients of a crystal in a single measurement even if the studied sample is a polycrystal with randomly oriented crystallites, since it is able to distinguish the different atomic environments by their interatomic distance, specific coordination, and elemental composition. Coordination shells in EXAFS can be associated with crystal directions if atoms are located at the lattice sites, as is the case in Fe bcc or Co fcc. In a bcc crystal, the first coordination shell is related to the (111) direction, the second coordination shell to the (100) direction, and so on. Then, the variation in length of the ith coordination shells δR i measured by DiffEXAFS is equivalent to the variations in length of the related crystal direction δR hkl . The change in length for each crystal direction depends on the orientation of the crystal with respect to the applied magnetic field through its particular magnetostriction tensor. The magnetostriction coefficient λ c of a cubic crystal describing its deformation from the demagnetized state to saturation can be calculated by the following expression: 50, 51 where α i and β i are the cosines that define the saturation magnetization vector and the measurement direction, respectively, relative to the crystal axes. λ 100 and λ 111 are the magnetostriction coefficients for the related orientations in the cubic crystal. The saturated magnetostriction in the (111) direction in a cubic crystal when it changes from the demagnetized state to saturation with the magnetic field applied in the direction defined by the cosines α i is DiffEXAFS measures the difference in strain for a certain atomic bond in a crystal between two orientations of the magnetic field that are orthogonal to each other. The cosines that define the direction of the orthogonally oriented magnetic field will be α ⊥ = [cos(θ ) cos(φ), cos(θ ) sin(φ), − sin(θ )]. Then, the strain measured by DiffEXAFS in the (111) direction in a crystallite at any orientation with respect to the magnetic field will be the difference between the strain deduced in Eq. (A3) and that obtained using Eq. (A2) with the orientation of the magnetic field given by α ⊥ : 
The polarization dependence of DiffEXAFS is 3 cos 2 (θ i ), θ i being the angle between the measured direction and the polarization E of the beam. 43 Since E is parallel to α, 
If the sample is an untextured polycrystal, the measured δR i will be averaged over all the possible crystallite orientations weighted by their orientation relative to the beam polarization E: 
The treatment of the magnetostriction in an amorphous material is a bit different than in an isotropic polycrystalline. DiffEXAFS measures the magnetostrictive strain of a specific crystal direction averaged over all the possible orientations of the crystal with respect to the fixed magnetic direction. That is why, in the above calculations, the β i cosines were fixed to the specific crystal orientation whereas the α i cosines, related to the orientation of the magnetic field with respect to the crystallite, were varied. In an amorphous material, EXAFS has usually access to first neighbors only. This means that there is only a single magnetostriction coefficient, which is related to the bond length strain. In this case, the β i cosines, which represent the bond orientation, will be varied with respect to the α i cosines which will be fixed. The magnetostriction coefficient of a material with a single strain axis can be deduced from that of a cubic structure [see Eq. (A2)] assuming that λ 111 and λ 100 are equivalent, i.e., they can not be distinguished: 
When the average is carried out over all possible orientations of the strained bond respect to the x-ray beam polarization direction, the result is a bit smaller than that obtained for an isotropic polycrystal:
Therefore the proportionality factor K i between the measured λ iD and the microscopic λ iAt will range from 3/2 for a perfectly oriented single crystal, to 0.666 if measuring λ 100 in an isotropic polycrystal (0.675 when measuring λ 111 ), or to 0.6 in an isotropic amorphous material.
